Discovery and qualification of novel biomarkers with improved specificity and sensitivity for detection of xenobiotic-induced injuries is an area of active research across multiple sectors. However, the majority of efforts in this arena have used genetically limited rodent stocks that lack variability in xenobiotic responses inherent to genetically heterogeneous human populations. In this study, genetically diverse Diversity Outbred (DO) mice were used as a surrogate for human clinical populations to investigate performance of urinary kidney biomarkers against classical preclinical kidney injury biomarkers (blood urea nitrogen [BUN] and serum creatinine). In this study, cisplatin was used as a paradigm kidney toxicant, with female adult DO mice exposed to a single injection (5 mg/kg) of cisplatin or vehicle and necropsied 72 h post-exposure and 18 h following overnight urine collection. Interindividual variability in kidney toxicity was observed, with DO mice experiencing either no tubule cell necrosis or minimal-mild necrosis. A panel of urinary protein biomarkers and profiled miRNAs were assessed by receiver-operating characteristic curves as to their ability to distinguish non-responder versus responder animals, as defined by histopathological evidence of renal tubule cell necrosis. A surprising outcome of these studies was that BUN was elevated alongside of urinary miRNA and protein biomarkers in animals with grade 2 proximal tubular cell necrosis; but not elevated with grade 1 necrosis. These studies demonstrate a novel approach for using a rodent population to better assess sensitivity of candidate biomarkers, especially for proposed clinical applications.
Introduction
There has been a great deal of investment into biomarker discovery to improve the detection of acute kidney injury (AKI) in both preclinical and clinical settings. AKI has been associated with high inpatient mortality, particularly in pediatric populations. 1, 2 A key challenge in mitigating AKI risks associated with both disease processes and therapeutic exposures is that the currently used diagnostic tests, increases in blood urea nitrogen (BUN), and serum creatinine (sCre) are not observed until there is a relatively high degree of underlying kidney tissue injury. Furthermore, interpretation of sCre levels suffers from a long latency to elevation (days to peak) and spurious increases due to autoregulation and decreased glomerular filtration due to non-renal causes (such as intravascular volume depletion, increased abdominal pressure, or reduced cardiac function). 3 Urine is an attractive matrix biofluid for development of AKI detection assays owing to direct accessibility to the injured kidney. Urine sediment and urinary indices (such as fractional excretion of sodium and urine osmolality) are
Impact statement
Recent studies have indicated that several urinary proteins and miRNA species may be suitable as biomarkers for acute kidney injury. A major focus on biomarker qualification is demonstrating improved specificity and sensitivity over gold standard tests. In this study, a mouse population model, Diversity Outbred mice, was used to demonstrate that neither the urinary protein markers nor the miRNA species assayed in urine could reliably detect low severity kidney injury better than blood urea nitrogen. This study has implications for use of these biomarkers in the clinic, where interindividual heterogeneity is present within patient populations and for which the underlying tissue pathology may not be known.
also relatively insensitive to detect AKI; thus, efforts have been made to evaluate urinary proteins as potential replacement biomarkers. 4 In contrast to traditional serum markers that indicate a reduction in kidney function, measurement of kidney enzymes released into the urine can more directly indicate injury to underlying kidney tissue. In the preclinical therapeutic testing arena, several collaborative efforts toward biomarker qualification have yielded promising results. In 2007, a panel of seven urinary proteins was qualified for use in rat toxicology studies by the US FDA and the European Medicines Agency, through efforts spearheaded by the Predictive Safety Testing Consortium and its partner agencies. These biomarkers included kidney injury molecule-1 (KIM-1), albumin, b2-microglubulin, clusterin, cystatin C, total protein, and trefoil factor-3; some of which demonstrated improved sensitivity and specificity for detection of AKI over BUN and sCre by receiver-operating characteristic (ROC) curve analysis. During the review of these biomarkers, experts assembled by the FDA urged for evaluation of these biomarkers in broader contexts and highlighted the role of histopathological evaluations in assessing the value of novel biomarkers. 5 Similarly, several groups, including ours in collaboration with the HESI Biomarkers of Nephrotoxicity committee, have investigated utility of urinary miRNAs leaked into the urine as adjunct biomarkers that inform site of injury to the renal nephron in conventional Sprague Dawley rats. [6] [7] [8] Traditional biomarker discovery efforts typically take a reductionist approach, evaluating a set of candidate biomarkers and their differences in abundance between a subset of patients or within constrained model systems. Such systems science approaches seek to discern molecular changes that -for example -distinguish responders from non-responders, suggest disease course or progression, or can inform status of an organ system. However, the reality of the clinical experience is that patient populations are heterogeneous, with diverse ethnic origins, life stages, and co-morbidities. In addition, accurate measurement of biomarkers is dependent upon clearance half-life, stability, and standardization of assay methods. Thus, the constraints of system science may limit applicability to population health in that the value of a given biomarker may be highly context dependent.
A promising approach to evaluate novel biomarkers in a diverse biological space is to use a population-based approach in the biomarker discovery phase. Such a method would represent diversity inherent to human populations, while providing a defined model system that could be used to estimate population dynamics. Genetically heterogeneous and well-defined Diversity Outbred (DO) mice provide an attractive populationbased model for biomarker discovery. DO mice are a heterogeneous stock derived from eight genetic co-founder strains. 9 Each DO mouse is a unique individual with high levels of well-randomized polymorphisms and genetic heterozygosity, similar to that found in human populations. In the context of exposure to drugs and chemicals, DO mice have displayed a range in overall response, with a subset of exposed animals displaying a toxicity response and others being resistant to a variety of xenobiotic agents, including chemotherapeutics, herbal supplements, and inhaled benzene. [10] [11] [12] In this study, we utilized cisplatin as a model compound known to cause AKI and exposed a population of DO mice. The dose selected was intentionally low, relative to prior cisplatin biomarker investigations, in order to observe exposed mice that had varying degrees of underlying renal injury. Using this population model, performance of urinary proteins and relative urinary miRNA abundance was evaluated against the gold standard AKI biomarker for preclinical studies, BUN.
Materials and methods

Experimental animals
Female DO mice (approximately eight weeks of age) were purchased from The Jackson Laboratory (Bar Harbor, ME) and housed in polycarbonate cages on a 12 h light-dark cycle. Mice were provided pelleted Harlan Teklad 22/5 pelleted rodent chow (Madison, WI) ad libitum, with the exception of during 18 h fasting periods (overnight) during urine collection; during this period, animals were individually housed in metabolism cages. Reverse osmosis water was available to rodents, ad libitum, at all times. All animal use was in accordance to the 'Guide for the Care and Use of Laboratory Animals' under a protocol approved by the UAMS Institutional Animal Care and Use Committee.
Drug administration, tissue, and biofluid collection
Following arrival, mice were acclimated at least two weeks prior to the initiation of experimentation. Animals were randomized by weight to treatment groups and testing cohorts as only 10 mouse metabolism cages were available to the research team at the time of the study (N ¼ 10 mice/ testing cohort; each cohort contained five vehicle-and five drug-treated mice for a total of nine cohorts). Dosing cohorts were staggered due to the caging limitations, with the entirety of the dosing occurring over a period of five weeks. On the first morning of dosing, study day 0, all mice received a bolus i.p. administration of 5 mg/kg cisplatin (50 mg/mL, Mylan Institutional LLC, Rockford, IL) dissolved in 0.9% saline (N ¼ 45) in a volume of 5 mL/kg or vehicle (N ¼ 45). Urine samples were stored overnight in icechilled, sterile containers for approximately 18 h prior to necropsy (between study days 2 and 3). A predose urine sample was collected seven days prior to dosing; however, these samples were not analyzed in the current study owing to biomarker concentrations in healthy animals assessed in the postdose urine samples that were generally below the lower limit of quantification. Urine samples aliquoted for downstream miRNA applications were centrifuged at 3000 rpm at 4 C for 5 min (min) and stored at À80 C until use. Necropsy occurred on study day 3 (72 h postdosing), at the same time of day as dosing on day 0. Mice were euthanized by cardiac exsanguination under CO 2 anesthesia. Following humane euthanasia, representative tissues were collected and stored in formalin fixative for 48 h prior to histological processing.
Kidney and liver histopathology
Formalin-fixed and paraffin-embedded right kidney and a section of the left liver lobe were sectioned and stained with hematoxylin and eosin (H&E) according to standard methods. Microscopic examination of the H&E-stained slides was scored by JCS (EPL, Inc., RTP, NC). Microscopic findings were graded on a scale of 0-4, where 0 ¼ none, 1 ¼ minimal, 2 ¼ mild, 3 ¼ moderate, and 4 ¼ marked changes.
Clinical chemistry analysis
Blood chemistry analysis was determined in heparinized blood (arterial) using a hand-held clinical chemistry analyzer, iSTAT TM , and cartridges (CHEM8 þ ) as described by the manufacturer (VetscanV R , Abaxis, USA). Analytes measured included sodium, potassium, chloride, total carbon dioxide, ionized calcium, glucose, urea nitrogen (BUN), creatinine (sCre), hematocrit, hemoglobin, and anion gap.
Urinary protein biomarker analysis
Isolated urine samples were utilized for the measurement of b2-microglobulin (B2M), interferon gamma-induced protein 10 (IP-10), KIM-1, renin, TIMP metalloprotease inhibitor 1 (TIMP-1), vascular endothelial growth factor (VEGF), clusterin, cystatin c, epidermal growth factor (EGF), neutrophil gelatinase-associated lipocalin (lipocalin-2/NGAL), and osteopontin (OPN) using Milliplex MAP Mouse Kidney Injury magnetic bead Panels 1 and 2 (MilliporeSigma, Billerica, MA). Fluorescence was quantified using a MILLPLEXV R analyst V 5.1 (MilliporeSigma, Billerica, MA). Sample concentrations were normalized to total urine volume collected over 18 h. For urinary protein concentrations values that did not fall within the standard curve, the upper and lower limit of quantification values were utilized to extrapolate protein biomarker concentrations. All values are provided in Supplemental Table 1 .
Urinary RNA isolation
Total RNA was extracted from 200 mL of all urine samples using the miRNeasy serum/plasma kit (Qiagen, Valencia, CA) in accordance with the manufacturer's protocol with slight alterations as previously described. Briefly, 3.5 volumes of QIAzol Lysis reagent were added to urine samples. Following a 5 min incubation period, 30 pg of Arabidopsis thaliana miR-159a synthetic miRNA (UUUGGAUUGAAGGGAGCUCUA; Qiagen, Valencia, CA) was added to each sample. The spike-in miRNA was utilized to normalize for RNA isolation efficiency following quantitative real-time PCR (qRT-PCR). Samples that were incubated at room temperature (RT) for 3 min following addition of chloroform (140 mL); samples were then mixed and centrifuged (12,000 g at 4 C for 15 min) in prespun 5 PRIME Phase Lock Gel tubes (Fisher Scientific, Pittsburgh, PA). The upper aqueous layer of each sample was transferred to a new tube and 1.5 volumes of 100% ethanol were added and samples thoroughly mixed. Samples were spun in miRNeasy spin columns (8000 g for 15 s at RT) discarding flow-through. Buffer RWT (700 mL) was added and spun down (8000 g for 15 s at RT), discarding flow-through. Buffer RPE (500 mL) was twice added to columns and spun down (8000 g for 15 s at RT), discarding flow-through. Spin columns were centrifuged at full speed for 2 min and then transferred into clean tubes. Twelve microliters of RNase-free water was added to the membrane of the spin columns and centrifuged at full speed for 2 min. Eluate was collected and stored at À80 C until time of analysis.
MicroRNA microarray profiling
Three microliters of total RNA from each urine sample was reverse transcribed using the TaqMan 
miRNA microarray data analysis
Sample cycle threshold (Ct) values for each miRNA RT-PCR reaction were determined using the Applied Biosystems ViiA TM 7 software v1.1 (Life Technologies, Foster City, CA). All curves that appeared to represent background noise were removed from further analyses. The miR-159a Ct values were utilized to normalize Ct values for RNA isolation efficiency, as previously described. 13 Ct values were linearized (2 ÀCt ) and then divided by urine volume collected over the 18 h collection window. Normalized Ct values were returned to log scale and imported into Partek Genomics Suite 6.16.0812 (Partek, Inc., St. Louis, MO). Two-way analysis of variance (ANOVA) analysis (for treatment and presence of tubule necrosis) was used to determine significantly altered miRNA. Significance was considered p < 0.05. Fold changes for significantly altered miRNAs were determined by calculating 2
ÀDCt where DCt represented (individual cisplatin-treated normalized miRNA Ct value À average vehicle-treated normalized miRNA Ct value).
miRNA biomarker performance analysis ROC curve analysis was employed to compare biomarker performance, whereby the area under the ROC curve (AUROC) was used to determine the accuracy of miRNA abundance for biomarker candidates in the prediction of cisplatin-related nephrotoxicity (as defined by presence of renal tubule necrosis pathology). AUROC represented biomarker performance according to the following scale: !0.90 (high), 0.80-0.90 (moderate), 0.70-0.80 (mild), and 0.60 (poor) as previously described. The statistical significance of the AUROC values was assessed by Mann-Whitney p values, which represent the probabilities of rejecting the null hypothesis that the AUROC curve is 0.5, indicating that there is a lack of predictive power.
Data analysis
Data are expressed as the mean AE standard deviation except where otherwise indicated. Data analysis was performed using GraphPad Prism 7 for Mac OS X v7.0b software (GraphPad Software, Inc., La Jolla, CA). Group differences between cisplatin and vehicle treatment were assessed by a Mann-Whitney test for analytes that were not normally distributed (as defined by p < 0.05 as determined by D'Agostino & Pearson normality test). For crosspathology group comparisons, a one-way ANOVA was conducted with Sidak's multiple comparisons post hoc tests to compare all pathology groups to each other. Student's t-test was used for comparing two groups that were normally distributed. ROC curve analysis was performed with the 95% confidence interval calculated. ROC curve analysis was performed according to the method of Hanley and computing the p value by computing a z ratio, then determining the p value from the normal distribution (two-tailed).
14 Significance was assessed as p < 0.05.
Data access
The full dataset, included raw and normalized values for each biomarker, is available as Supplemental Table 1 .
Results
Conventional blood-based biomarkers of kidney injury DO mice exposed to a low dose of cisplatin (5 mg/kg, i.p.) exhibited a dynamic renal injury response, in which both responder and non-responder mice were identified. Concentrations of BUN were significantly elevated in the cisplatin group ( Figure 1(a) ; P ¼ 0.0284). The average BUN in the vehicle control group was 24 AE 8 mg/dL (median: 24) and for the cisplatin-treated group was 42 AE 6 mg/dL (median: 28 Figure 1(b) ; p > 0.05).
Histopathology
Cisplatin preferentially causes renal injury in acute highdose exposure scenarios. However, because the current study was focused on analysis of kidney injury biomarkers, a critical exercise is to rule out alternative injury sites that could contribute to miRNA leakage into biofluid compartments. Histopathology of target organs was evaluated on day 3 (72 h postdosing). The liver was chosen as a non-kidney control organ to assess site specificity of cisplatin toxicity, owing to high tissue exposure following i.p. administration and because aggressive, high-dose cisplatin chemotherapy has been associated with hepatotoxicity in the clinic. 15 In the current study, no morphological cisplatin liver injury was observed in any DO mouse treated with cisplatin. There was a similar incidence between treatment and control groups of common minimal and spontaneous findings, including 'inflammation, acute, focal,' 'necrosis, hepatocyte,' and 'vacuolation, hepatocyte, random' (data not shown).
In the kidneys of vehicle and cisplatin treated mice, limited numbers of minimal and spontaneous findings were present, which included predominately 'infiltrate, mononuclear cell.' Mononuclear cell infiltrates of this nature are commonly observed in mice and were noted randomly distributed throughout the kidney sections. Aside from one animal (animal #2815), renal tubule degeneration, and/or necrosis were not evident in the vehicle control group (Figure 2(a) ).
Renal injury responses to cisplatin exposure were variable across exposed DO mice. Forty-one percent (18/44) of cisplatin-treated animals exhibited no detectable cellular necrosis in response to exposure (Table 1; Figure 2(b) ). Cisplatin-induced renal injury was recognized as 'degeneration, tubule and/or necrosis, tubule' and graded for severity. Most cases represented minimal severities where ............................................................................................................................................................ degeneration and/or necrosis were limited to small focal or multifocal areas. Minimal also represented a finding that involved only a few individual tubule cells. Degeneration was characterized by slight cytoplasmic basophilia and minimally enlarged tubule cells. Necrosis was characterized by increased cytoplasmic eosinophilia, nuclear pyknosis, or karyorrhexis with some epithelial cell sloughing. Tubule necrosis ranged in severity across cisplatin treated animals from minimal which affected single tubules (grade 1; Figure 2 There were interindividual differences in susceptibility observed within the DO mouse population. Of the 44 cisplatin treated mice for which renal pathology was available, 41% (18/44) had findings of tubule degeneration and 59% (26/44) had findings of tubule necrosis. In contrast, 13 cisplatin treated mice (30%) exhibited kidneys without findings of either tubule necrosis nor degeneration (Table 1) .
Urine protein biomarkers
Concentrations of urinary protein biomarkers were assessed in urine collected over 18 h prior to necropsy. In order to evaluate performance of these biomarkers, values for the cisplatin-treated group were grouped by no findings of tubule necrosis, minimal (grade 1) tubule necrosis, or mild (grade 2) tubule necrosis. There were no significant differences in urinary protein biomarker abundance in cisplatin-treated individuals that experienced either no necrosis or minimal levels of necrosis of the renal tubule cells.
There were significant increases in urinary abundance in the cisplatin-treated animals experiencing mild tubule necrosis for the markers B2M, renin, KIM-1, IP-10, and OPN (p < 0.05; Figure 3 ). The abundance of these markers was also significantly elevated when compared to cisplatin-treated animals without evidence of tubule injury, with the exception of OPN (p < 0.05). BUN 
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displayed a similar pattern, with marked elevations in the blood of animals that sustained tubule necrosis (p < 0.05); however, there was a lower degree of overlap in the values of the mild necrosis group with the groups sustaining less injury, as compared to the urinary biomarkers (Figure 3(a) ).
Urine miRNA biomarkers miRNA abundance in the urine was measured over an 18 h collection period prior to necropsy. To correct for dilution effects, Ct values were normalized to the total volume of urine collected. A complete list of tested miRNAs and ANOVA output is available in Supplemental Table 2 . Of the 335 unique miRNAs assayed on the array platform, 10 miRNA species were significantly affected by treatment and differed in abundance based on presence of tubule necrosis (FDR corrected p < 0.05; Supplemental Table 2) . When plotted by tubule necrosis score (grade 0, 1, or 2), all were significantly increased in the urine of mice experiencing Grade 2 tubule necrosis with respect to the vehicle control group (p < 0.05; Figure 4 ). For each of the 10 urinary miRNA biomarker candidates, there were no significant increases present in the animals experiencing grade 1 necrosis (p > 0.05), nor were the miRNA increases associated with cisplatin exposure alone, owing to a lack of increase in the cisplatin-treated animals without necrosis (grade 0, p > 0.05; Figure 4 ).
Biomarker performance analysis
ROC curve analysis was performed for each of the miRNA biomarkers, the urinary protein biomarkers, and conventional blood-based markers (BUN and sCre). ROC analysis was used to evaluate the performance of miRNA urinary abundance to diagnose underlying kidney injury, using the presence (grade 1 or 2) of tubule necrosis as the gold standard for diagnosis. The derived summary measure of accuracy, the AUROC, was calculated for each biomarker. The AUROC can be interpreted as the probability that a randomly chosen affected subject is rated as more likely to be affected than a randomly chosen non-affected subject. The interpretation is based on nonparametric MannWhitney U statistics that are used in calculating AUROC, in which an AUROC of 0.5 indicates a chance level of correct classification and an AUROC of 0 indicates complete failure of the test to classify subjects by response. with AUROC values greater than 0.7 and 'excellent' with AUROC values greater than 0.9. In the present study, candidate miRNA biomarker AUROC values were all significant, but this is perhaps not surprising given that presence of necrosis was used as a factor in the ANOVA analysis that was used to identify these species as potential biomarker candidates ( Figure 5) . AUROC values for miRNA candidates ranged from 0.71 to 0.82, with the highest values associated with miR-138, miR-218, and miR-685 (p < 0.0005; Table 2 ). Overall, miRNA candidates performed better in distinguishing affected (grade 1 or 2 necrosis) versus nonaffected individuals (grade 0 necrosis) than the urinary proteins assayed in this study. Of the urinary proteins, IP-10, renin, and NGAL were all significant in the ROC analysis (P < 0.01; Table 2 ). Of these, IP-10 and renin demonstrated the best performance with AUROC values of 0.80 and 0.73, respectively (Table 2) .
In contrast, conventional biomarkers BUN and sCre demonstrated a poorer performance to distinguish subjects with tubule necrosis from those without. BUN was barely significant (p ¼ 0.0486) and had a marginal AUROC value of 0.64. sCre was not useful in distinguishing subject response under the cisplatin exposure conditions in the present study (AUROC 0.60, p ¼ 0.3385).
Discussion
In genetically sensitive DO mice, cisplatin caused minimalto-mild necrosis of tubule cells in the presence of a degeneration (including cellular swelling and vacuolation). Because degeneration is not typically associated with leakage of cellular contents, the analysis was primarily focused on a subset of animals that had experienced necrosis. In the current study, neither the classical (BUN) nor novel biomarkers tested (urinary miRNA or proteins) was significantly elevated in cisplatin treated mice until mild (grade 2) tubule necrosis was apparent in the kidney. This finding reflects a serious limitation in the ability of cellular leakage markers to reflect early phase minimal necrosis that may precede more serious injury. From the standpoint of improving early detection of renal injury, there appears to be little advantage to using the measured miRNA or urinary proteins for broad diagnosis of renal injury compared to the gold standard biomarker BUN.
Interestingly, when severity grade was ignored and ROC analysis was employed to determine biomarker ability to classify mice as those sustaining renal injury (grade 1 or 2 necrosis) versus those that had none, several markers appeared to have a reasonable degree of accuracy in distinguishing the groups. Considering that higher AUROC values are considered a measure of greater accuracy of the positive distribution model, it appeared that the relative urinary miRNA abundance of miR-685, miR-138, miR-218 and the urinary protein abundance of IP-10 were the top performing tests. However, the predictive value of these markers is limited by inability to detect very early stage necrosis prior to elevations in BUN.
AUROC is widely used as a method to compare predictive accuracy of diagnostic tests using distributional models derived from case-control data. It should be noted that inherent limitations in AUROC assessment from a statistical standpoint are several and have been elucidated elsewhere. 16 In addition, the ROC curve analysis for each biomarker tested in this study is not necessarily independent because each biomarker represented a separate diagnostic task that was performed on the same set of individual mice. The current study, using a population of DO mice, demonstrated variability in adverse outcomes across the population (responders of various severity and non-responders to the drug exposure), which is ideal for assessing accuracy of specificity of each biomarker. 17 However, the biomarker levels themselves have some limitations for cross-comparison because of differences in dynamic range of the values measured in mice (low: BUN, sCre, miRNA to high: urinary proteins).
The biomarkers that were elevated alongside of BUN during grade 2 necrosis are informative owing to potential connections to toxicity mode of action and regional site of injury within the renal nephron. Measuring these markers may provide added value by enabling additional interpretation of the underlying pathology (so-called liquid biopsy), particularly in cases where tissue pathology is contraindicated or unavailable. KIM-1 is a type 1 transmembrane glycoprotein localized to the proximal tubule of the kidney. KIM-1 is markedly upregulated in the kidney in rat and increased in urine in mice upon ischemic injury, yet is virtually undetectable in renal tubules in healthy kidney tissue. 18, 19 Thus, KIM-1 has utility for diagnosis of renal tubule injury, as occurred in sensitive DO mice exposed to cisplatin. NGAL is a protein in the lipocalin family that is secreted by a variety of body tissues. In the kidney, NGAL is synthesized in the distal nephron and is secreted by the thick ascending loop of Henle and collecting ducts. It has previously shown to be a useful biomarker of acute renal injury following cardiac surgery. 20 A limitation of this study in fully comparing novel urinary protein biomarker levels to rat and human studies is the lack of albumin and trefoil factor 3 (TFF3) measurements in the current study. Each of these markers has been previously shown to have promising utility in detecting early kidney injury associated with renal tubular injury (albumin and TFF3) 21 and with glomerular cell injury (albumin) 6 in rats. Measurement of these two potentially sensitive biomarkers represents an important future direction for qualification in genetically diverse rodent and human patient populations. miR-138 and miR-218 were previously shown to be elevated in the urine of male Wistar rats exposed to gentamicin, an agent that also causes renal tubule cell necrosis. 22 In those studies, it is notable that neither BUN nor sCre was concurrently elevated in the blood when the urinary increases in miRNA were observed, suggesting that these miRNAs may provide additional utility for sensitively detecting renal tubule cell necrosis. In the prior rat studies, low group sizes (N ¼ 6) precluded using severity of injury as a factor for the analysis and tubule cell necrosis ranged from minimal (grade 1) to marked (grade 4), depending on the tested dose. Therefore, it is unknown whether urinary elevations in miR-138 and miR-218 are truly sensitive enough for detecting mild tubule necrosis. It is more likely that these markers provide specificity to detecting tubule necrosis versus injury that occurs elsewhere in the nephron. This assumption is supported by a lack of observance in urinary elevations in rat studies that investigated glomerular cell injury with doxorubicin. 6 It should be noted that miR-221, which was significantly elevated in DO mice with grade 2 tubule necrosis, has been shown in humans to have promise as a circulating blood-based biomarker of lupus nephritis. 23 Further work is needed on miRNA biomarker candidates identified in the present study in order to qualify them as specific biomarkers for tubule cell necrosis. So doing would provide additional context for measuring these biomarkers in concert with BUN and sCre to assess underlying renal pathology.
While the study was not designed to investigate the specific mechanisms underlying differential susceptibility to cisplatin-induced kidney injury in exposed DO mice, there are potential parallels in clinical populations that may be informative. Cisplatin has been shown to accumulate within the mitochondria of renal cells, causing generation of reactive oxygen species and mitochondrial impairment. Once inside the cell, cisplatin forms intrastrand 1,2-DNA cross-links that impair DNA synthesis and replication, leading to cell cycle arrest. 24 Because significant interindividual variability in the chemotherapeutic efficacy of cisplatin occurs among patients, contributions of human genetic polymorphisms have been investigated, particularly for glutathione S-transferases that bioactivate cisplatin (GSTM1 and GSST1), 25 organic cation transporters (OCT1 and OCT2 26 ), and DNA repair gene (ERCC1 27 ). However, few studies have investigated the genetic drivers of cisplatin-induced nephrotoxicity, and those that have done so have been conducted in small patient populations. The current study in DO mice is also underpowered 28 to conduct genome-wide association analyses that might inform genetic contributions to susceptibility and, thus, potential mechanisms; although, additional studies toward this aim are under consideration because larger populations of DO mice have been used successfully to investigate polymorphisms that contribute to chemotherapeutic-induced neutropenia. 12 A potential explanation for increased susceptibility in individual DO mice may be differences in pharmacokinetics of cisplatin; for example, in recent study, it was found that decreased expression of efflux transporter Mate1 contributed to an increased risk of cisplatin-induced nephrotoxicity in C57BL/6 mice 29 and in Mate1 knockout mice. 30 Although it should be noted that variation in efficiency or abundance of additional cisplatin uptake (Oct2
31
) and efflux transporters (Mrp2 32 ) could potentially play a role in modulating underlying tissue exposure to the drug, as has been shown in previous studies. There may additionally be a role for variation in pharmacodynamic processes to contribute to variation in toxicity outcome across DO mice. Also unknown is whether there are differences in clearance rates of urinary biomarkers measured in the study, which may vary by individual. A time course study, particularly focused on biomarker quantification at earlier time points may inform whether there is early leakage of miRNA or protein biomarkers that where cleared prior to the day 2-3 collection that occurred in the study. A caveat is there may be limited utility for clinical use of a given biomarker if its appearance in urine is transient and not sustained in measurable concentrations while injury is ongoing. Further work toward understanding biomarker clearance rates and investigation of underlying mechanisms driving susceptibility may be informative toward identifying personalized prescribing strategies that are protective of patients who are candidates for cisplatin chemotherapy. *Several values for TIMP-1 in both the vehicle-and cisplatin-treated mice were below the lower limit of quantification; therefore, these data should be interpreted with caution.
